The Kuroshio carrying the northwestern Pacific water intrudes into the South China Sea (SCS) through the Luzon Strait, significantly affecting the temperature, salinity, circulation, and eddy generation in the SCS. Thus, the Kuroshio intrusion makes important contributions to the momentum, heat and salt budgets in the SCS. In the past decades, much work has been done on the Kuroshio intrusion. This paper reviews past efforts and summarizes our current understanding of the Kuroshio intruding processes from observational evidence, laboratory results, theoretical analyses, and a range of numerical model simulations. In addition, discrepancies between results simulated by models, as well as those between simulations and observations, are presented. Specifically, this paper addresses the following topics: (1) different types of the Kuroshio intrusion into the SCS and their identification, (2) vertical structure of the Kuroshio in the Luzon Strait, (3) an overview of the Luzon Strait transport resulting from observations and numerical model simulations, (4) seasonal and interannual variations of the Kuroshio intrusion, as well as eddy generation due to the Kuroshio path variation, and (5) dynamical mechanisms (e.g., wind forcing, interbasin pressure gradient, b effect and hysteresis, potential vorticity, eddy activity) controlling the Kuroshio intrusion into the SCS. Finally, several future research topics for gaining a better understanding of the Kuroshio intruding processes are suggested.
Introduction
The Kuroshio originates from the North Equatorial Current (NEC). The NEC in the North Pacific Ocean is located between the subtropical and tropical gyres (Fig. 1) , playing an important role in mass and heat transport to the western Pacific warm pool and global thermohaline circulation via the Indonesian Throughflow. After encountering the western boundary, the NEC bifurcates into the southward-flowing Mindanao Current (MC) and the northward-flowing Kuroshio near the Philippine coast (e.g., Nitani, 1972; Qiu and Lukas, 1996; Qu and Lukas, 2003; Zhai and Hu, 2013) . This partition of the water mass as well as the heat transport between the poleward and equatorward flows, not only has a great influence upon the low-latitude Western Boundary Current (WBC), but is also believed to be important in determining the interactions between the atmosphere and ocean (Qiu and Lukas, 1996) . The NEC, the MC, and the Kuroshio comprise the NMK current system as shown in Fig. 1 . Mass and heat exchange between the tropical and subtropical gyres in the North Pacific can occur due to the fluctuations in the NMK system (Qu and Lukas, 2003) . The NMK system exhibits strong seasonal and interannual variabilities since they are in a geographical location where dynamic processes are dominated by the monsoons and El Niño-Southern Oscillation (ENSO) .
The Kuroshio carrying the northwestern Pacific water flows northward along the east Philippine coast. When passing by the Luzon Strait, a branch of the Kuroshio flows northwestward into the South China Sea (SCS) mainly through the Balintang Channel (e.g., Chern and Wang, 1998; Liang et al., 2003 Liang et al., , 2008 Yuan et al., 2008a) . Most of the Kuroshio water flows out of the SCS subsequently through the Bashi Channel, but some water intrudes into the SCS (Fig. 2) . The latter affects the temperature, salinity, circulation, eddy generation in the northeastern SCS, making important contributions to the momentum, heat and salt budgets in the SCS (e.g., Li et al. 1998; Xu and Su 2000; Qu et al., 2004; Wu and Chiang 2007; Xiu et al. 2010; Nan et al., 2011b; Wu, 2013) .
The Kuroshio intrusion into the SCS has gained increasing attention over the past few decades. Although some characteristics have been illustrated, the Kuroshio intruding processes and its controlling mechanisms are still not well understood. Similar to the northwestern Pacific water, the T-S curve of the SCS water appears as an approximately mirrored 'S', providing evidence of the northwestern Pacific water in the SCS (Shaw, 1991; Qu et al., 2000) . The Kuroshio intrusion has a seasonal pattern with the intrusion being stronger in winter than in summer (Wyrtki, 1961; Shaw, 1991) . The surface Kuroshio water can intrude deep into the SCS especially in winter (Centurioni et al., 2004) . Compared with seasonal variability, less is known about the interannual variability of the Kuroshio intrusion due to limited available observations (Wu, 2013) . In the Luzon Strait, eastward and westward flows often appear alternately (e.g., Nitani, 1972; Zhou et al., 2009 ). The reason is still unknown. Estimates of the Luzon Strait transport (LST) vary from a few Sv to more than ten Sv (e.g., Xu and Su, 2000; Qu et al., 2006; Tian et al., 2006; Yuan et al., 2008b) . On an interannual time scale, the LST from the Pacific into the SCS tends to be higher/lower during El Niño/La Niña years, and seems to be a key process conveying the climate signal from the Pacific into the SCS Liu et al., 2008) . Results from observation (Caruso et al., 2006) , numerical models (Sheremet, 2001; Xue et al., 2004; Wu and Chiang, 2007; Sheu et al., 2010) , and laboratory experiments (Sheremet and Kuehl, 2007; Kuehl and Sheremet, 2009 ) all showed that the Kuroshio takes different intruding paths southwest of Taiwan. Kuroshio intruding path can change from one path to another in several weeks (Nan et al., 2011a) . Changes of the Kuroshio path often induce eddies (Nan et al., 2011c) . Eddy generation exhibits strong seasonal and interannual variabilities due to changes of the Kuroshio intruding path. The mechanism leading to the Kuroshio intrusion and the LST remains controversial to date. Wind forcing (e.g., Wang and Chern, 1987; Farris and Wimbush, 1996; Metzger and Hurlburt, 2001a; Wang et al., 2006c; Kuehl and Sheremet, 2009; Wu and Hsin, 2012) , interbasin pressure gradient (e.g., Metzger and ) derived from the 18-year (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) satellite altimeter data. Black solid lines represent a schematic of the NMK current system. Hurlburt, 1996; Qu, 2000; Song, 2006) , b effect and hysteresis (e.g., Sheremet, 2001; Yuan, 2002; Sheremet and Kuehl, 2007; Yuan and Wang, 2011) , potential vorticity (PV) (e.g., Sheu et al., 2010; Xue et al., 2004) , and eddy activity (e.g., Liu et al., 2005; Nan et al., 2011c; Yang et al., 2013a; Lu and Liu, 2013 ) may potentially contribute to the Kuroshio intruding processes, indicating that the complexity of the Kuroshio intrusion.
In the past decades, much work has been done on the Kuroshio intrusion into the SCS through the Luzon Strait. Several dozen papers have been published, and much of what is known about the characteristics of the Kuroshio intrusion comes from these extensive and comprehensive studies (e.g., Dale, 1956; Wyrtki, 1961; Nitani, 1972; Shaw, 1991; Farris and Wimbush, 1996; Liang et al., 2008) . Hu et al. (2000) and Liu et al. (2008) reviewed the advances in ocean circulation research in the SCS that includes the Kuroshio intrusion. However, they did not elaborate sufficiently on the Kuroshio patterns in the Luzon Strait, its seasonal and interannual variations, and dynamical mechanisms. This paper is broader in scope and focuses on the latest advances. We review past efforts and summarize our current understanding of the Kuroshio intruding processes from observational evidence, laboratory results, theoretical analyses, and a range of numerical model simulations. We begin in this section with an overview of the origin of the Kuroshio and the upper ocean circulations in the northwestern Pacific that provide the background state. The rest of the paper is organized as follows. Section 'Paths of the Kuroshio intrusion into the SCS' examines different types of the Kuroshio intrusion into the SCS and their identification. Section 'Vertical structure of the Kuroshio in the Luzon Strait' presents the vertical structure of the Kuroshio in the Luzon Strait. Se ction 'Transport of the Kuroshio intrusion into the SCS' provides an overview of the LST resulting from observations and numerical model simulations. Section 'Seasonal and interannual variations of the Kuroshio intrusion into the SCS' focuses on seasonal and interannual variations of the Kuroshio intrusion into the SCS, as well as eddy generation due to the Kuroshio path variation. Secti on 'Dynamical mechanisms' discusses the possible mechanisms contributing to the Kuroshio intruding processes. Finally, Section 'Summary and future research' summarizes the main research findings over the past few decades and highlights topics that merit further investigation.
Paths of the Kuroshio intrusion into the SCS
It was a debated issue on how the Kuroshio intrudes into the SCS in history. Hu et al. (2000) reviewed some views before 2000, in which several different stable paths of the Kuroshio intrusion were proposed due to the lack of long-term consecutive observations (e.g., Dale, 1956; Qiu et al., 1984; Li and Wu, 1989; Li et al., 1998) . In situ 138 measurements in the research area, though limited, have provided quite valuable information and have laid the foundation for 139 our present understanding of the Kuroshio 140 intrusion. Existence of different types of the Kuroshio intruding path have been verified by model simulations (Metzger and Hurlburt, 2001a; Sheremet, 2001; Xue et al., 2004) , laboratory experiments (Sheremet and Kuehl, 2007; Kuehl and Sheremet, 2009) , and consecutive satellite observations (Yuan et al., 2006; Caruso et al., 2006 ). An important understanding change after 2000 is that the Kuroshio intruding path may be unstable. In this section, we summarize those typical views in history and focus on the results after 2000.
Different types of the Kuroshio intrusion into the SCS
According to Hu et al. (2000) , there had been four different views on how the Kuroshio intrudes into the SCS and they were ''Kuroshio direct branch'', ''Kuroshio Current Loop (KCL)'', ''Kuroshio extension'', and ''Anticyclonic rings''. It was noted that there existed a branch of the Kuroshio intrusion into the SCS by early researches (Dale, 1956; Nitani, 1972) . The Kuroshio branch was observed by Qiu et al. (1984) based on the float measured currents and historical observations in the northern SCS and named as the SCS Branch of Kuroshio (SCSBK). However, no obvious intruding branch was observed in some years (e.g., Li et al., 2002; Xu et al., 2007; Chen et al., 2010) . The view of KCL was proposed by Li and Wu (1989) . They suggested that there is a KCL southwest of Taiwan and the loop can extend to 116°-117°E. The KCL was reproduced in several models (e.g., Farris and Wimbush, 1996; Chern and Wang, 1998; Sheremet, 2001; Jia and Liu, 2004; Xue et al., 2004; Wu and Chiang, 2007; Chern et al., 2010; Sheu et al., 2010 ). An anticyclonic warm core eddy shedding from the KCL was reported by Li et al. (1998) . The characteristics of the shedding eddy and its propagation were investigated using 17-year satellite altimeter data by Nan et al. (2011c) . The detailed description for the four views can be seen from Hu et al. (2000) , which will not be repeated here. In short, different researchers proposed different views on how the Kuroshio intrudes into the SCS based on limited historical observations or numerical models.
It can be inspected that the Kuroshio may take different intruding paths southwest of Taiwan, i.e., the Kuroshio intruding path is unstable. At the beginning of this century, Metzger and Hurlburt (2001a) pointed out that Kuroshio penetration and eddy shedding are nondeterministic on annual and interannual timescales caused by mesoscale flow instabilities in the Luzon Strait. Using a single layer depth-averaged approach, Sheremet (2001) formulated an idealized model of a western boundary current encountering a gap in the western wall. Multiple flow patterns (leaping the gap or penetrating the gap) exist in such system, which was confirmed by their subsequent laboratory experiments of the gap-leaping WBC (Sheremet and Kuehl, 2007; Kuehl and Sheremet, 2009) . The model of Xue et al. (2004) depicted both the KCL and the SCSBK depending on the current speed and intruding angle. Increasing remote sensing images provide conclusive evidence for the change process of the Kuroshio intrusion. For instance, Yuan et al. (2006) analyzed satellite ocean color, SST, and altimeter data and demonstrated that the KCL is a transient phenomenon rather than a persistent circulation pattern. Caruso et al. (2006) depicted five different types of Kuroshio intrusion into the SCS based on satellite data, including a small anticyclonic bend in the Luzon Strait, the SCSBK, the KCL, a detached anticyclonic eddy, and a cyclonic loop northwest of the Luzon Strait (Fig. 2) . Their work describes almost all types of the Kuroshio intruding paths and eddy-current structure southwest of Taiwan. Identification of different types of the Kuroshio intrusion into the SCS will be discussed in the ensuing section.
Identification of three types of the Kuroshio intrusion into the SCS
Although multiple flow patterns for the Kuroshio intrusion have been descriptive and schematic, how to define an index to distinguish different types of Kuroshio intrusion quantitatively is significantly important to understand the Kuroshio intruding processes and dynamics. The index should be derived based on readily available observations (e.g., satellite remote sensing data) or credible ocean model output. Furthermore, the definition should be simple to use and can be applied to multiple data sets consistently. There have been several different indices proposed each with its own advantages and disadvantages.
The maximum and minimum salinity of the subsurface and intermediate waters are good tracers to delineate the Kuroshio and SCS waters since the maximum (minimum) salinity of the Kuroshio water is notably higher (lower) than those of the SCS water (e.g., Li et al., 2002; Qu et al., 2000; Zhou et al., 2009; Chen et al., 2010) . Yu et al. (2013) proposed an improved method of quantifying the penetration of the Kuroshio into the Luzon Strait based on simulated salinity from 1971 to 2006 of high-resolution ROMS model. An index was defined that represents a composite average of the standardized salinity in the region southwest of Taiwan bounded by 0.6 correlation coefficient contour between salinity series at the 20°N, 118°E and other points. This index can be used for indicating variation of the Kuroshio intruding strength and can also be applied to the subsurface layer using simulated subsurface salinity. However, the historical observations of the salinity in the Luzon Strait region are very rare. Modeled salinity is often far from the observational value (Nan et al., 2011a (Nan et al., , 2013 . That is why there are few results on the Kuroshio intrusion based on modeled salinity in our study area. Thus one cannot establish a long-term index based on the salinity to quantify the Kuroshio intruding strength of different paths.
Long-term and high-resolution sea surface information from satellite is readily available. The Kuroshio temperature is higher than that of the SCS water. It seems that the two waters can be distinguished according to temperature difference. However, as the SCS water warms significantly in summer, which decreases the temperature difference between the Kuroshio and the SCS surface water, making it difficult to distinguish the two waters (Farris and Wimbush, 1996) . SST is thus not a good indicator to distinguish the Kuroshio water from the SCS water. Su et al. (2010) developed an objective classification method to distinguish the water masses of Kuroshio and SCS by using an artificial neural network model. This method was verified by comparison with analysis of water masses based on in situ data in 2006. However, it is unclear whether it could be used to detect spatial and temporal distributions the Kuroshio intusion since satellite remote sensing of SST and ocean-color is often limited by cloud cover (see Fig. 3 in Su et al., 2010) . Mean SSH in the western Pacific is higher than that of the SCS (Fig. 1) . Conceptually, the Kuroshio intrusion can carry higher SSH into the SCS. According to Nan et al. (2011a) , it is also difficult to identify the Kurishio water and the SCS water based on the SSH difference quantitatively. Thus neither SST nor SSH is a good indicators to quantatively distinguish the Kuroshio water from the SCS water.
The combination of several satellites (Jason-1&2, Topex/ Poseidon, Envisat, GFO, ERS, and Geosat) enables consecutive (weekly from October 1992 to now) and high-precision (1/4°) altimetry data. Although both tidal and sea level pressure corrections are incorporated, the satellite data in shelf areas could still be contaminated by aliases from tides and internal waves. So the data in areas where the water depth is less than 200 m are often excluded (Yuan et al., 2006; Nan et al., 2011a Nan et al., , 2011b . Based on previous studies and analysis of the geostrophic velocity derived from the weekly satellite SSH maps, Nan et al. (2011a) suggested that the KCL, the SCSBK, and the Kuroshio leaping across the Luzon Strait are three main patterns for the Kuroshio intrusion into the SCS. They were named as the looping path, the leaking path, and the leaping path, respectively (i.e., 3L model). A Kuroshio SCS Index (KSI) is defined by Nan et al. (2011a) Fig. 3 in Nan et al., 2011a) . The index proposed by Nan et al. (2011a) is simple to use and can also be applied to ocean model output. Using this index, identification of the looping path is robust based on analysis of the geostrophic velocity derived from the weekly satellite altimeter data. However, identification of the leaping path is not as robust because around the stronger cyclonic currents there is often anticyclonic eddy generated (Nan et al., 2011c) . Nan (2012) modified the index to identify the three Kuroshio paths. The KSI was again used to identify the looping path. However, when the Kuroshio leaps across the Luzon Strait, the transport through the Luzon Strait is eastward or the water flows from the SCS to the Pacific.
Hence the surface LST (per unit depth) was calculated to identify the leaping path. When the surface LST is eastward, the leaping path occurs. It should be noted that the surface LST may also be eastward when the looping path occurs. So when identifying the three types, the looping path should be identified firstly based on the KSI index. Then the surface LST index is used to identify the leaping path. After the looping path and the leaping path are identified, the leaking path is left. Using the method above, the three typical paths for the Kuroshio intrusion can be distinguished based on long-time series satellite data or model outputs (Nan, 2012) . It is noteworthy that the above method for identification of the Kuroshio paths is limited by the uncertainty of the SSH, the derived geostrophic currents and geostrophic vorticity, the region of KSI box, section for calculating the LST. Fig. 3 shows the mean SSH and the corresponding surface geostrophic currents associated with the three types of Kuroshio intrusion: the looping path, the leaking path, and the leaping path. Subsurface salinity maximum and intermediate salinity minimum distributions associated with the looping path, the leaking path, and the leaping path can be seen from Fig. 9 in Nan et al. (2011a) .
Identification of three types of the Kuroshio intrusion quantitatively is significantly important to understand the Kuroshio intruding processes and its seasonal and interannual variations (see Section 'Seasonal and interannual variations of the Kuroshio intrusion into the SCS'). According to Nan, 2012 , the leaking path is the most frequent form with the probability of occurrence at 44.8%, while the probability of occurrence for the leaping path is 39.5%. The probability of occurrence for the looping path is 15.7%, indicated that the KCL is not a persistent circulation pattern in the Luzon Strait area which is consistent with the result of Yuan et al. (2006) . It can be speculated that different forms of the Kuroshio intrusion correspond to different mechanisms. Clarifying the dynamics of each intruding form is crucial for understanding the mechanism of the Kuroshio intusion. Note that the Kuroshio path in the Luzon Strait can change from one path to another in several weeks, which is the main reason that eddies often form southwest of Taiwan. Eddies generation due to the change of the Kuroshio path will be discussed in Section 'Eddy generation due to change of the Kuroshio paths'.
Vertical structure of the Kuroshio in the Luzon Strait
Luzon Strait is the main conduit for water exchange between the SCS and the western Pacific. It is about 360 km in width and consists of three narrow passages (Bashi Channel, Balintang Channel, and Babuyan Channel) separated by many small islands in the strait (Fig. 2 ). Due to complex bathymetry and instability of the Kuroshio, the vertical structure of the current in the Luzon Strait is complex too. Snapshot measurements showed that both eastward and westward currents alternate spatially across the Luzon Strait. Wyrtki (1961) noted that the flow in Luzon Strait changes its sign at about 300 m in winter and at about 400 m in summer. Nitani (1972) analyzed the hydrographic data and pointed out that in the 120°10'E section across the Luzon Strait, the eastward and westward flows appeared alternately, and the current speed changed from year to year. and Zhou et al. (2009) also observed that the eastward and westward flows appeared alternately at the 120°E section. It should be noted that the current pattern is different along different meridional sections in the Luzon Strait (Chen et al., 2011b) . Fig. 4 shows the geostrophic flows at 120°E, 120.5°E, and 121°E based on CTD data. It can be seen that the position and speed of eastward and westward flows are significantly different. The SCS outflows at 18. ) are much stronger than that at 121°E (Fig. 4c) . Therefore, the snapshot measurements of alternating currents and the LST at 120°E may not be representative of the water exchange between the SCS and the Pacific at all times.
In order to capture the Kuroshio axis, we set the observational section at 120.75°E where Luzon Strait is narrowest (see also Hsin et al., 2012) . Fig. 5 shows the annual mean temperature, salinity, and zonal velocity at 120.75°E from 2004 to 2012 based on the HYCOM output. The horizontal resolution of the global daily outputs is 1/12°. It assimilates available satellite altimeter observations and in situ vertical temperature and salinity profiles. The model results have been validated against the observations (see Zhang et al., 2010; Figs. 1, 3 and 4 in Jia and Chassignet, 2011; Nan et al., 2011a) , representing one of the best model products to date in describing Kuroshio intrusion into the SCS. From  Fig. 5 , the flow is dominated by a westward component (inflow) at 20°-21°N and an eastward component (outflow) north of 21°N. The inflow is relatively weak with a maximum speed of about 35 cm/s, but broader than the outflow. The inflow and the outflow form a small anticyclonic bend (see also Fig. 1 ). The Kuroshio bend varies with time and the looping path occurs when the Kuroshio bend extends westward enough. In the center of the Kuroshio bend, the mean temperature is a little higher than that in the surrounding areas due to downwelling induced by the anticyclonic flow. There exists a salinity maximum ($34.85 psu) at $150 m depth and a salinity minimum ($34.30 psu) at $550 m depth (Fig. 5b) , representing the North Pacific Subsurface Water and the North Pacific Intermediate Water, respectively. The maximum (minimum) salinity of the Kuroshio water is notably higher (lower) than those of the SCS water Li et al., 2002; Zhou et al., 2009 ). In the center of the Kuroshio bend, the salinity of the subsurface (intermediate) water is saltier (fresher) than that in the surrounding areas. Weak inflows (outflows) are also evident in the deeper layers (below 1000 m), indicating the weak exchange of abyssal water between the SCS and the Pacific. The vertical distribution of the zonal velocity associated with the looping path, the leaking path, and the leaping path can be seen in Fig. 8 of Nan et al. (2011a) .
The mean LST was perceived to be a three-layered structure in the vertical from hydrographic data (Chen and Huang, 1996; Qu, 2000; Qu et al., 2006) and lowered ADCP measurements (Tian et al., 2006; Yang et al., 2010) , which is westward in the upper and lower layers, and eastward in between. This vertical structure has been widely reproduced by numerical models, though the vertical extension of the outflow varied from model to model. Fig. 6 shows the depth-specific distributions of the mean LST per unit depth at 120.75°E based on the POM , HYCOM, and ROMS (Nan et al., 2013) . It should be noted that there exists net outflow in the surface layer based on the results of Hsin et al. (2012) and Nan et al. (2013) . Satellite-based geostrophic transport in the surface layer is positive due to the net outflow in summer driven by the southwest monsoon, indicating that this layer could be true (Nan et al., 2013) . However, it needs to be confirmed by more observational data. Because the northwestern Pacific water is colder and denser, it sinks after crossing the Luzon Strait and contributes to the renewal of the SCS deep water (Wang, 1986; Qu et al., 2004) .
Transport of the Kuroshio intrusion into the SCS
It can be seen from Fig. 5 that the Kuroshio intrusion contributes the most to the LST. Though water exchange does occur in the deeper layers, the annual net transport below 750 m is negligibly small Nan et al., 2013) . The magnitude of the LST often represents the strength of the Kuroshio intrusion in previous studies (e.g., Guo and Fang, 1988; Shaw, 1989; Farris and Wimbush, 1996; Xu and Su, 2000; Zhou et al., 2009) . Table 1 summarized results of the LST from long-term observations, short-term cruise data, and numerical models, respectively. Long-term observations were based on dynamical method, P-vector method, diagnostic method, ''island rule'', Sb-ADCP, and mass balance of historical values, while dynamical method, diagnostic method, and lowered ADCP were used for short-term observations. Based on the long-term observational data, the mean LST was between 3 and 6.5 Sv westward. As mentioned in Section 'Identification of three types of the Kuroshio intrusion into the SCS', the Kuroshio path in the Luzon Strait can change from one path to another in several weeks, this may cause large uncertainties of the observed LST based on short-term cruises. Some snapshot measurements of the LST in summer shows that water flows from the SCS to the Pacific (Yang et al., 2010) , which is because the leaping path dominates in the summer (Fig. 7) . More long-term consecutive observations are needed in order to reveal the LST variation.
Complementary to the in situ observations, a range of numerical models, such as NLOM, POCM, OGCM, MOM2, SODA, MICOM, Table 1 Summary of the LST (units: Sv) based on observational data (short-term and long-term) and numerical models. Adapted from Hsin et al. (2012) and some other results were added.
Transport (depth range in meter)
Method and exploration time Short-term (<2 months) observations Guo and Fang (1988) À11 to À12 (0-1200) Dynamic method a September, 1995 À2.0 (0-1000) Dynamic method August-September, l994 À4.45 (0-1000) Dynamic method November-December, l998 Tian et al. (2006) À6 ( HYCOM, POM, ROMS, and reduced gravity model, have been used to simulate the Kuroshio in the Luzon Strait (Table 1) . Model estimates of the LST range larger understandably (between 0.6 and 10.2 Sv westward) due to differences in forcing, grid resolution, topography representation, and computation methodology . The Kuroshio inflow often appears in the southern side of the Luzon Strait if ignoring the islands in the model setup (Yuan, 2002; Sheremet and Kuehl, 2007; Mu et al., 2011) . Metzger and Hurlburt (2001b) indicated that the modeled westward intrusion of the Kuroshio into the SCS weakens with increased horizontal resolution due to improved representation of the bottom topography. Improved three-dimensional models by assimilating available satellite altimeter observations, satellite and in situ SST as well as in situ vertical temperature and salinity profiles, ARGO floats, and moored buoys should be developed to achieve better comparisons with the observations in future.
Seasonal and interannual variations of the Kuroshio intrusion into the SCS
Spectral analysis of the modeled LST shows that annual and semiannual signals dominate . Seasonal and interannual variations of Kuroshio intrusion into the SCS are reviewed in this section. In addition, eddy generation due to change of the Kuroshio paths is also discussed.
Seasonal variation
Kuroshio intrusion into the SCS is seasonally varying. According to historical hydrographic data (Table 1) , the LST is larger in winter and smaller in summer in response to the seasonal reversing monsoon (e.g., Wyrtki, 1961 drifters deployed or drifted into the focused region since 1986, providing direct velocity measurements in the surface mixed layer (Centurioni et al., 2004; Guo et al., 2012) . The surface Kuroshio water can intrude deep into the SCS especially in winter derived from Argos satellite-tracked drifters (Centurioni et al., 2004) . The water even flows from the SCS to the Pacific in summer according to the results of Wyrtki (1961) , Lan et al. (2004), and Yang et al. (2010) . Based on water mass analysis, Shaw (1989 Shaw ( , 1991 pointed out that Kuroshio intrusion starts in late summer, peaks in winter and ceases by late spring. Quantitative discrepancies aside, numerical models also reveal a similar seasonality. For examples, Qu et al. (2004) calculated the LST using OGCM model showing that the LST is the largest in winter at about 6.1 Sv (westward), smallest in summer at about À0.9 Sv (eastward). Metzger and Hurlburt (1996) suggested that the westward LST is the largest (8 Sv) in November and smallest (0.5 Sv) in June. Based on the POM model, Hsin et al. (2012) showed that the maximum westward net transport occurs in winter and the minimum in summer. The Kuroshio intrusion is the farthest reaching in December, extending to west of 112°E. In addition, revealed in hydrographic data ( Fig. 8 in Shaw, 1991) , the Philippine Sea water can be found around 112°E in winter. According to Hsin et al. (2012) , the peak-to-peak amplitude of the seasonal cycle for the LST is about 7 Sv. These results imply that the seasonal variation associated with the monsoon is the dominant signal in the LST.
The Kuroshio tends to loop into the SCS more often in winter, while it tends to leap across the LS more often in summer (Wu and Chiang, 2007) . Fig. 7 shows seasonal probability of occurrence for the looping path, the leaking path, and the leaping path. It can be seen that the leaking path dominates in winter with the probability of occurrence at 69%, while the leaping path dominates in summer with the probability of occurrence at 82%, i.e., the Kuroshio in winter was likely to penetrate into the SCS and likely to leap across the Luzon Strait in summer. This is the reason why the mean LST is larger in winter and smaller in summer. The looping path appears southwest of Taiwan more frequently in winter than that in other seasons which explains the modeling result of Wu and Chiang (2007) . According to Fig. 7 , three different Kuroshio paths can occur in any season, which can explain why the short-term observational LST differs considerably in the same season.
Interannual variation
Less is known about the interannual variability of the Kuroshio intrusion into the SCS due to limited available observations (Wu, 2013) . The modeling result of Qu et al. (2004) shows that the temporal correspondence of the LST with ENSO is striking, i.e., the LST tends to be higher during El Niño years and lower during La Niña years, with its maximum (minimum) leading the mature phase of El Niño (La Niña) by 1 month. The interannual variation of the LST can be explained by the meridional migration of NEC bifurcation latitude (NBL) . During El Niño years, the northward shift of the NBL corresponds to a stronger Mindanao Dome and a weaker Kuroshio transport, thus providing a favorable condition for Pacific waters to penetrate into the SCS through the Luzon Strait. The situation is reversed during La Niña years. According to Yaremchuk and Qu (2004) , peak-to peak amplitude of the interannual variation is about 3 Sv, smaller than that of the seasonal cycle. The interannual variations of the upper-layer heat content, the SST, and the SSH in the SCS has a strong ENSO signature Rong et al., 2007) . The linkage between El Niño and the SCS is believed to be through the atmospheric bridge (Wang et al., 2006a) . However, on an interannual time scale, the LST from the Pacific into the SCS tends to be higher during El Niño years and lower during La Niña years, and seems to be another key process conveying the ENSO signal from the Pacific into the SCS Liu et al., 2008) .
As mentioned above, on interannual and longer timescales, most previous studies suggested that the Kuroshio intrusion is generally related to ENSO (e.g., Qiu and Lukas, 1996; Qu et al., 2004; Kim et al. 2004 ). However, ENSO may not be solely responsible for the atmospheric variability over the northwestern Pacific. A recent study by Wu (2013) showed that the potential impact of the PDO should be taken into account when examining inter-annual variability of currents in the low-latitude northwest Pacific. Especially during the warm PDO phase, an anomalous anticyclonic wind field appeared over the Philippine Sea. The southerly anomalous wind off the Philippines caused a northward shift of the NBL, reducing the Kuroshio transport off Luzon and increasing the Kuroshio intrusion into the SCS. In the cold PDO phase, NBL variations only show a close correspondence with the ENSO. Based on long-term tide gauge and satellite data, Chang and Oey (2012) revealed an interannual oscillation of the ocean's thermoclines east of the Philippines and Taiwan, forced by a corresponding oscillation in the wind stress curl. It was called Philippines-Taiwan Oscillation (PTO) which was suggested to control the interannual variability of the circulation of the subtropical and tropical northwestern Pacific. In years of positive PTO, the thermocline east of the Philippines rises while east of Taiwan it deepens. This results in a northward shift of the NBL, which increased Kuroshio intrusion into the SCS. The reverse applies in years of negative PTO. The aforementioned indices (ENSO, PDO, and PTO) explain only portions of the interannual variations of the Kuroshio intrusion, since wind, interbasin pressure gradient, b effect and hysteresis, PV, and eddy activity all may contribute to the Kuroshio intruding processes. It will be discussed in detail in Section 'Dynamical mechanisms'.
Based on satellite data, in situ hydrographic data, and modeling results, Nan et al. (2013) indicated that the Kuroshio intrusion into the SCS had a weakening trend over the past two decades from 1990s to 2000s (Fig. 8a) . The KCL southwest of Taiwan also became weaker. The probability of occurrence for the looping/leaping path has a negative/positive trend (Fig. 8b) . Their Pacific ROMS model was forced with the climatological NCEP/NCAR reanalysis of air-sea fluxes for several decades to reach a quasi-equilibrium state. The model was then integrated for the period of 1993-2010 forced with the blended daily sea wind and daily air-sea fluxes of heat and freshwater from the NCEP/NCAR reanalysis. The ROMS modeling result estimated that the Kuroshio intrusion into the SCS became weaker from 1993 to 2010 with a negative trend for the LST at À0.24 Sv yr
À1
. In response to the weakening Kuroshio intrusion, the mean salinity in the upper water column (from the surface to the intermediate water at $750 m) decreased in the northern SCS indicating the importance of the Kuroshio intrusion to the heat and salt budgets in the SCS. Although Nan et al. (2013) quantitatively analyzed contributions of the wind, the SSH gradient, and the Kuroshio upstream variation to the LST change, their work is preliminary. The negative trend of the sea-level gradient between the western Pacific and the SCS seems to contribute most of the weakening trend of the Kuroshio intrusion into the SCS.
Eddy generation due to change of the Kuroshio paths
Mesoscale eddies play an important role in the transport of heat, salt, and chemical substances in the SCS (Nan et al., 2011a; Chen et al., 2011a; Wang et al., 2012) . Statistical characteristics of eddy activity in the SCS are well documented based on satellite data (e.g., Hwang and Chen, 2000; Wang et al., 2003; Xiu et al., 2010; Chen et al., 2011a; Nan et al., 2011b; Jia and Chassignet, 2011) . The results all show that southwest of Taiwan is a region with a high probability of eddy occurrence. Wind stress curl was thought to be an important mechanism of eddy generation in the SCS (Chu et al., 1998; Wang et al., 2007; Pullen et al., 2008; Xiu et al., 2010) . However, Nan et al. (2011c) found that the correlation coefficient between the wind stress curl and the eddy occurrence is not significant. They suggested that the Kuroshio path variation is likely the control factor for eddies forming southwest of Taiwan after a comparison of ambient geostrophic currents and eddy occurrence patterns. Based on the statistics of eddy occurrence and the Kuroshio path variation using 17-year satellite altimeter data, Nan et al. (2011c) proposed a conceptual model of eddy-Kuroshio interaction for the summer and winter, respectively (Fig. 9) . In summer, the leaping path dominates, i.e., the Kuroshio likely leaps across the Luzon Strait. There exists an outflow northwest of Luzon Island. To the north of the outflow and left of the Kuroshio axis, cyclonic eddies are often formed, which often induce anticyclonic eddies to the west of the cyclonic eddies. In winter, the looping path appears southwest of Taiwan more frequently than other seasons, and anticyclonic eddies are frequently shed from the looping path. As most of the anticyclonic eddies propagate westward, cyclonic eddies are often induced east of the anticyclonic eddies. In this model, variability of the Kuroshio path is emphasized as the control factor for eddies forming southwest of Taiwan, while the direct effect of local wind is less important. However, monsoons are important in driving the SCS outflow in summer and the looping path in winter, both of which have important effects on the seasonal patterns of the eddy occurrence. Responding to the weakened Kuroshio intrusion, the looping path and eddy activity southwest of Taiwan became weaker in 2000s than that in 1990s (Nan et al., 2013 ). This conceptual model explains why the probability of eddy occurrence is high in the region southwest of Taiwan, providing observational evidence of eddy-Kuroshio and eddy-eddy interactions in the SCS. The shortage of this conceptual model is that it does not cover the situations in spring and autumn.
Dynamical mechanisms
As shown above, Kuroshio intrusion is so important to the momentum, heat and salt budgets, and eddy activity in the SCS that more and more observations and modeling work have been done on the Kuroshio intrusion into the SCS in the past decades. However, the mechanism leading to the Kuroshio intrusion and LST remains controversial to date. To understand what controls the Kuroshio intrusion into the SCS, several factors potentially contributing to the Kuroshio intruding processes, such as wind forcing (local and large-scale), interbasin pressure gradient, b effect and hysteresis, PV, and eddy activity, are reviewed and discussed in this section, respectively. 
Local and large-scale wind forcing
The seasonally reversing monsoon winds in the SCS typically blow from the northeast during boreal winter and from the southwest during boreal summer, and the monsoon is stronger in winter but weaker in summer. Local wind effect plays an important role on seasonal variation of the Kuroshio intrusion into the SCS. There was a close relationship between the mean seasonal cycles of the LST and the northeast-southwest monsoon (Metzger and Hurlburt, 2001a) . The first local wind effect is wind-driven Ekman transport, which is negative in the Luzon Strait (from the northwestern Pacific to the SCS) due to northeasterly monsoon in winter and positive (from the SCS to the northwestern Pacific) due to southwesterly monsoon in summer. Negative/positive Ekman transport can enhance/weaken the Kuroshio intrusion, which can contribute to seasonal variation (stronger in winter and weaker in summer) of the Kuroshio intrusion (Wang and Chern, 1987) . Wind-induced Ekman transport (calculated using an Ekman depth of $65 m near the Luzon Strait) is well correlated to the surface geostrophic transport derived from satellite altimeter data through the Luzon Strait (Nan et al., 2011c) . However, the purely wind-driven Ekman transport is small, accounting for less than 10% of the total LST . Besides wind-driven Ekman transport, the local wind can affect the Kuroshio intrusion by changing the Kuroshio inflow angle (Kuehl and Sheremet, 2009) or speed since the Kuroshio inflow direction or speed are important to the Kuroshio path in the Luzon Strait (see Section 'PV conservation'). According to Kuehl and Sheremet (2009) , wind-driven Ekman drift can slightly steer the axis of the Kuroshio in the Luzon Strait, which effectively changes the angle of the Kuroshio inflow. Thus the seasonal reversal of the winds may cause seasonal variation of the Kuroshio inflow angle and the LST. Wu and Hsin (2012) and Hsin et al. (2012) conducted a series of experiments using a high-resolution numerical model and suggested that the northeasterly wind in winter intensifies the Kuroshio upstream, enhancing the Kuroshio into the SCS. They also pointed out that without the East Asian monsoon winds the upper-ocean LST changes from westward to eastward. In addition, wind stress curl off southwest Taiwan could be one of the major factors in strengthening Kuroshio intrusions seasonally (Wu et al., 1998) . Seasonal occurrence of the three typical paths of the Kuroshio intrusion may also link to the seasonally reversing monsoon winds (Nan et al., 2011c) . Farris and Wimbush (1996) have indicated that when a four-day average of the local southward wind-stress component exceeds a critical value, the looping path is initiated.
Besides the local wind forcing, the mean and interannual variability of the LST are affected by the large-scale forcing of the Pacific. For examples, Qu et al. (2005) implied that the variability of the intrusion was primarily forced by large-scale wind forcing over the Pacific Ocean. Wang et al. (2006b) indicates that wind stress in the western and central equatorial Pacific is the key factor regulating the interannual variability of the LST, whereas the effect of local wind stress in the vicinity of the Luzon Strait is secondary. Zhao et al. (2009) also attributed the mean LST to the Pacific basin-scale wind field instead of the SCS monsoon winds. According to Qu et al. (2000) and Wang et al. (2006c) , large-scale wind effect can be explained by the ''island rule'' of Godfrey (1989) . Under the steady state and frictionless hypothesis, the LST can be calculated from the line integral of wind stress projected along a closed path ABCD as the following,
Here s is the mean density of seawater. T 0 calculated from different time-series of wind stress differs greatly in magnitude (Table 1) . Yearly variability of the T 0 based on ''island rule'' has a strong ENSO signal, and is well correlated to the modeling result of Nan et al. (2013) . However, long-term change of T 0 is inconsistent with observational and modeling results. It should be noted that the ''island rule'' is valid for a steady state ocean and ideal fluid only. For a relatively narrow channel like the Luzon Strait, the gap width, bottom topography, friction and other dynamic effects are not negligible (Wang et al., 2006b; Yang et al., 2013b) . In summary, the wind-driven Ekman transport is small compared to the total LST, but local wind can steer the axis of the Kuroshio and change the Kuroshio inflow speed seasonally which effectively contribute to the seasonal variation of the Kuroshio intrusion. Large-scale wind stress in the western and central equatorial Pacific is the key factor regulating the interannual variability of the LST and may convey the impact of the ENSO to the Kuroshio intrusion.
Interbasin pressure gradient
Piling up of water is believed to be an important mechanism by changing the pressure gradient across the Luzon Strait and eventually affecting the Kuroshio intrusion (e.g., Metzger and Hurlburt, 1996; Qu, 2000; Song, 2006) . A method to calculate the transport in the straits of Asian marginal seas was proposed by Song (2006) . This method combines the ''geostrophic control'' formula of Garrett and Toulany (1982) and the ''hydraulic control'' theory of Whitehead et al. (1974) , allowing the use of satellite observed SSH and ocean-bottom-pressure data for estimating interbasin transport:
Here H 1 and H 2 are the surface and bottom layer depth, Dg is the SSH difference across the sill and Dh is the interface height difference across the sill, g 0 is the reduced gravity, R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi 2g 0 Dh p =f is the mean Rossby radius of deformation, j = sign(Dp b À Dg) determines the gradient direction, and W 0 is the width of the strait. The formulation can be used to separate the surface-layer transport from the bottom-layer transport and to characterize the flow that is governing the water mass in the two adjacent basins. According to Song (2006) , the upper layer (above 1500 m) LST (westward) is controlled by geostrophic balance and can be estimated as g f H 1 Dg, where Dg is the SSH difference between the western Pacific (122°E-140°E, 0°N-30°N ) and the SCS (105°E-120°E,  0°N-24°N ). The estimated LST is larger in winter and smaller in summer and the interannual variation of the estimated LST is closely correlated with the Nino3.4 index in agreement with the observed and modeling results (see Section 'Seasonal variation'). As satellite data are continuous in both space and time, it is convenient to use satellite data in obtaining the LST based on the theory of Song (2006) . However, how to choose the western Pacific box is important for the estimation of the interannual variation of the LST. For example, according to Nan et al. (2013) , the Kuroshio intrusion into the SCS had a weakening trend over the past two decades in satellite and in situ hydrographic data from the 1990s and 2000s. Using the same method, Nan et al. (2013) found that the interannual variations of the LST is well correlated with Dg, but the long-term change of the LST is opposite to the observed result if the area from 122°E to 140°E and from 0°N to 30°N is chosen as the western Pacific box as in Song (2006) . Nan et al. (2013) pointed out that it is more reasonable to select the box (121°E-140°E, 15°-30°N) north of the NEC since the Kuroshio is a part of the subtropical gyre (Fig. 10) , for which the long-term change of Dg agrees with the estimated LST from observations and the model result.
The method proposed by Song (2006) is good to estimate the variation of the LST and does well in explaining the weakening trend over the past decades. However, it should be noted that how to choose the upstream basin (northwestern Pacific) and the downstream basin (the SCS) is very important. On the other hand, the water column was divided into the surface and bottom layers, which excludes the intermediate layer. Thus it cannot reveal the three-layered structure of the LST shown in Section 'Transport of the Kuroshio intrusion into the SCS', which is potentially a drawback of this method.
b effect and hysteresis
The WBC always intrudes as it encounters a meridional gap due to the b effect (Stommel and Arons, 1960) . Without the b effect, the LST would be greatly reduced (Yuan, 2002) . A number of theoretical works have been devoted to explaining various aspects of gap flow dynamics (Sheremet and Kuehl, 2007; and references therein) . According to these theories, there often exist distinct multiple flow patterns for the gap-leaping WBC, which can explain why there are different types of the Kuroshio intruding path.
The transition from one flow state to another for the gap-leaping WBC was investigated by Sheremet (2001) . Using a single-layer depth-averaged approach, Sheremet (2001) formulated an idealized model of a western boundary current encountering a gap in a ridge. Multiple flow patterns (penetrating or leaping the gap) exist in such system, which were explained by variations in the balance between the inertia (which promotes the leaping state) and the b effect (which promotes penetrating state). This behavior is analogous to the well-known ''teapot effect''. Note that the leaping state above corresponds to the leaping path defined in Section 'Identification of three types of the Kuroshio intrusion into the SCS', while the penetrating state corresponds to the leaking path or the looping path since the leaking path and the looping path cannot be separated in the idealized model. Moreover, it was found that a hysteresis exists in transition from one flow state to another: the flow state depends on prior evolution and two different flow states are possible for exactly the same external forcing conditions. Based on this theory, Sheremet (2001) suggested that normally the Kuroshio can leap across the Luzon Strait, whereas it may leak into the SCS during periods when its strength is substantially reduced.
The existence of multiple steady states and hysteresis in the gap-leaping problem were confirmed by laboratory experiments of Sheremet and Kuehl (2007) and Kuehl and Sheremet (2009) . As shown in Fig. 11 , a circular tank with a sloping bottom (mimicking the b effect) is used to set up a gap-leaping current. The gap-leaping current is driven by pumping fluid through sponges (thus generating a Sverdrup flow in the interior). A semicircular ridge with a gap is inserted into the western part of the tank. Using a dye release flow visualization method, change of the flow patterns over varying boundary current transport values are dramatically shown. A series of laboratory experiments were conducted with fixed gap and varied pumping rate Q. The results demonstrated the existence of multiple states (penetrating or leaping the gap) and hysteresis (dependence on past flow state) in the gap-leaping problem (see Fig. 2 in Sheremet and Kuehl, 2007) . They also reproduced the laboratory results using a numerical model in bipolar curvilinear coordinates, which allows for the match of the boundaries (Fig. 12 ). The numerical model predicted two different steady solutions are possible within the range 25 6 Q 6 52(cm 3 s
À1
), providing dramatic evidence of multiple steady states and hysteresis. Transitions of multiple steady states were often associated with a cusp catastrophe (small changes in control parameter move the system over the edge and cause large jump in the system state) in the gap-leaping system (Kuehl and Sheremet, 2009) , which made the transitions irregular and difficult to predict. The existence of cusp catastrophe in the gap-leaping system can explain why the Kuroshio intruding path can change from one path to another in several weeks. Mesoscale eddies approaching the gap from the eastern basin have significant impact on the WBC path inside the gap (Yuan and Wang, 2011) . The effects of mesoscale eddies on the transitions of multiple steady states will be discussed in Section 'Eddy activity'.
It is curious to note that both the laboratory and numerical experiments above are an idealized representation of the WBC encountering a gap in a ridge. It lacks a lot of aspects such as realistic bathymetry, finite curvature of the ridge tip, tilt of the ridge relative to meridian, bottom drag, and stratification. Whether the idealized experiments are suitable to the Kuroshio intrusion into the SCS remains to be evaluated. However, the main similarity is that it can interpret why the Kuroshio in the Luzon Strait exhibits distinct multiple flow patterns. The main implication is that when 11 . Sketch of the laboratory experiment for the gap-leaping WBC (from Sheremet and Kuehl, 2007) . The barrier is the great circle interrupted by the gap from Àa to +a and in the active region the geostrophic contours are shown by thin circular lines. The ''western'' and ''eastern'' semicircles are divided by a sponge wall. The eastern semicircle is in turn divided by a solid barrier into the ''northern'' and ''southern'' sectors. The flow in the western semicircle is driven by pumping water (with pumping rate Q) from the southern into the northern sectors.
examining the dynamics of the Kuroshio intruding processes, the prior evolution and hysteresis should be taken into account. In addition to b effect and hysteresis, some other factors may also affect transitions between different Kuroshio intruding patterns, such as local wind stress associated with the strong northeast monsoons and the wind stress history (Farris and Wimbush, 1996) , and mesoscale flow instabilities caused by eddies arriving from the western Pacific (see Section 'Eddy activity'). Transitions between flow patterns are difficult to predict to date due to the great uncertainty and complexity.
PV conservation
PV distribution across the Luzon Strait plays an important role on the Kuroshio intruding path (Sheu et al., 2010) . Assuming PV conservation, Liu et al. (1996) first analyzed the possible paths for the Kuroshio in the Luzon Strait and pointed out that the Kuroshio can intrude into the SCS cyclonically or anticyconically. The Kuroshio in the Luzon Strait satisfies PV conservation was confirmed by Nan et al. (2011a) . Analysis of vorticity budget associated with the three Kuroshio intrusion paths shows that in the vorticity equation the baroclinic and frictional contributions are three orders smaller than the tilting of the relative vorticity, stretching of the absolute vorticity, and advection of planetary vorticity, i.e., the Kuroshio in the Luzon Strait satisfies PV conservation (Nan et al., 2011a) . How the Kuroshio intrudes into the SCS can be explained dynamically based on PV conservation. Fig. 13 schematically shows of the Kuroshio intruding path west of the Luzon Strait. The equation that describes the Kuroshio intruding path in a simplified b plane, frictionless, steady state, reduced gravity model is given as the following (Xue et al., 2004) .
where m c is the speed at the core of the current, and h is the angle between the velocity vector and the positive x axis as seen in Fig. 13 . Derivation of Eq. (4) based on PV conservation can be seen in (Nan, 2012) . If assuming that m c = m c0 , h = h 0 = p at the entrance (y = 0), Eq. (4) can be integrated and becomes
Equation (5) (6), which depends on the curvature of the streamline at the entrance, the inflow and outflow direction, and the current speed variation (Nan, 2012) .
It can be seen from Eq. (6) that Kuroshio inflow speed and direction are important to the intruding path. As shown in Fig. 2 , topography Sheremet and Kuehl, 2007) . The same parameters as in the laboratory experiments were used in order to reproduce the laboratory results (Fig. 11) . The isolines of the total transport are plotted with the contour interval 0.25Q. Shown are two different steady solutions (the leaping state and the penetrating state) by increasing (bottom) and decreasing (top) Q, respectively.
in the Luzon Strait plays an important role in the Kuroshio intruding position and direction. The Kuroshio flows northwestward into the SCS mainly through the Balintang Channel ($20.5°N) and most of the Kuroshio water flows out of the SCS through the Bashi Channel (e.g., Liang et al. 2003; Liang et al. 2008; Yuan et al. 2008b) . If ignoring the islands in the Luzon Strait in the model setup, modeling Kuroshio path will be significantly different (Metzger and Hurlburt, 2001b) . On the other hand, changes in the large-scale forcing of the Pacific can lead to the variability in the NEC Chen 2010, 2012) hence the Kuroshio speed and direction east of Philippine. If the upstream Kuroshio changes, the Kuroshio intruding path could respond to it . Sheu et al. (2010) also pointed that the upstream state of the Kuroshio in the western tropical Pacific plays an important role in determining the different paths of the Kuroshio. From above analysis, we can see that derivation of Eqs. (4)- (6) are based on assumption of steady state, which is unreasonable since the Kuroshio intruding process is unstable (see Section 'Identification of three types of the Kuroshio intrusion into the SCS'). However, Eq. (6) indicates that the Kuroshio intrusion dynamic is a complex nonlinear system.
Eddy activity
Eddy occurrence frequency is high in the Subtropical Countercurrent zonal band between 19°N and 26°N and further elevated near the Luzon-Taiwan coast. Fig. 14 shows the spatial distributions of eddy frequency, mean eddy kinetic energy (EKE), and eddy polarity derived from satellite altimeter data from October 1992 to February 2012. It can be seen that east of the Kuroshio axis in the Luzon Strait is a region with a high probability of eddy occurrence (>30%) and high EKE. According to Yang et al. (2013a) , most eddies propagate westward with a mean speed of 7.2 cm s À1 and deflect northward following the Kuroshio. Sheu et al. (2010) suggested that westward eddies may propagate freely through the Luzon Strait when the PV across the Kuroshio is weak. However, statistical analysis (Liu et al., 2005; Nan et al., 2011c; Yang et al., 2013a; Lu and Liu, 2013) showed that very few eddies in the northwestern Pacific can enter the SCS due to blocking of the Kuroshio, PV front, and island chain in the Luzon Strait.
Westward eddies may change the Kuroshio speed. Zhao and Luo (2010) investigated the impact of eddies on the Kuroshio in the Luzon Strait using the satellite data and suggested that the Kuroshio can be enhanced (weakened) when a cyclonic (anticyclonic) eddy is far away, whereas it is weakened (enhanced) as the cyclonic (anticyclonic) eddy moves near the Kuroshio. Eddies may also affect the Kuroshio intrusion by changing the Kuroshio inflow direction. Mesoscale eddies generated east of the Luzon Island can cause large oscillations of the Kuroshio axis position from the satellite data (Nan et al., 2013) . Local background flow is significantly changed when mesoscale eddies formed or propagated to east of the Luzon Island. The unstable Kuroshio path can be caused by eddies and Rossby waves arriving from the western Pacific (Metzger and Hurlburt, 2001a) . Yuan and Wang (2011) conducted a series of numerical experiments on how the gap-leaping WBC change responding to westward eddies. The results shows that transitions of the WBC path from the leaping (leaking) to the leaking (leaping) regimes are induced by cyclonic (anticyclonic) eddies though weakening (enhancing) the inertial advection of vorticity in the vicinity of the gap. The transitions are irreversible because of the nonlinear hysteresis and are found to be sensitive to the strength, size, and approaching path of the eddy. Seasonal variation of eddy activity may affect seasonal fluctuation of the Kuroshio transport east of Taiwan and the LST (Chang and Oey, 2011) . However, the yearly EKE in the western Pacific is poorly correlated with the yearly changes of LST (Nan et al., 2013) . The effect of eddy activity on the long-term change of the Kuroshio intrusion is not clear now. Quantitative analysis of the eddy activity contributing to change of the Kuroshio intrusion should be conducted in the future.
According to the above discussions, various theories and methods have been used to explain the processes and mechanisms of the Kuroshio intrusion into the SCS. Given the Kuroshio intrusion is a complex nonlinear problem, it is not surprising that different conclusions have been obtained in regarding to the different approaches. This does not necessarily mean that these results conflict with each other, rather, they might refer to explain different phenomenon. As shown in Fig. 15 , local and large-scale wind effects play an important role on the seasonal and interannual variations of the Kuroshio intrusion, respectively; interbasin pressure gradient change can explain the weakening trend of the Kuroshio intrusion into the SCS; b effect and hysteresis demonstrate why multiple flow patterns exist in such system of the gap-leaping WBC; PV conservation theory shows how the Kuroshio upstream change influences the Kuroshio intruding processes; and westward eddies approaching the gap can change the Kuroshio speed and direction, and then cause the transition of the Kuroshio paths. How the eddy activities and the SCS circulation change affect the Kuroshio intruding processes is unclear. However, to what extent these mechanisms contribute to the Kuroshio intrusion remains to be evaluated.
Summary and future research
The interaction of a boundary current with bathymetric features such as a gap in the ridge or a strait between two islands is an important and interesting oceanographic problem (Stommel and Arons, 1960; Sheremet, 2001; Kuehl and Sheremet, 2009 ). The Kuroshio between Taiwan Island and Luzon Island is a typical example. In the past decades, the Kuroshio intrusion into the SCS through the Luzon Strait has received increased attention since it is important to the momentum, heat and salt budgets not only in the SCS but also as an integral part of the ITF. In this study, we reviewed past efforts and summarized our current understanding of the Kuroshio intruding processes from observational evidence, laboratory results, theoretical analyses, and a range of numerical model simulations. Note that the Luzon Strait is a primary region for the generation of large amplitude internal solitary waves in the northern SCS, and the Kuroshio intrusion also plays a role on the generation and propagation of internal Guo and Chen (2014) reviewed the observational and modeling results on internal solitary waves induced by the Kuroshio intrusion, which we did not repeat in this study.
In detail, existing studies on Kuroshio intruding paths, vertical structure, transport, seasonal/interannual variations, eddy formation due to the Kuroshio path change, and dynamical mechanisms were reviewed and summarized as follows.
1. On the average, the Kuroshio inflows at 20°-21°N and outflows north of 21°N in the Luzon Strait. The inflow is relatively weak, but broader than the outflow. The Kuroshio inflow and the outflow form the anticyclonic Kuroshio bend. In the center of the Kuroshio bend, the mean temperature is a little higher than that in the surrounding areas due to downwelling induced by the anticyclonic flow. The maximum/minimum salinity of the subsurface/intermediate waters of the Kuroshio water is notably higher (lower) than those of the SCS water. Both observational and model results suggested that the mean LST has a three-layer structure in the vertical: westward in upper and lower depths, and eastward in between. Though water exchange does occur in the deeper layers, the net transport below 750 m is negligibly small, indicating that the Kuroshio intrusion contributes most of the LST. The mean LST derived from multi-year hydrographic data is between 3 and 6.5 Sv westward. Estimates based on short-term cruises, however, are subject to large uncertainties. Model estimates of the LST vary broadly, between 0.6 and 10.2 Sv westward, due to differences in grid resolution, topography representation, and forcing condition. 2. The annual cycle is the dominant signal in the LST with it being larger in winter and smaller in summer, i.e., the Kuroshio intrusion is stronger/weaker in winter/summer confirmed by both observational data and modeling results. On the interannual time scale, the temporal correspondence of the LST with ENSO is striking according to model simulations, i.e., the LST tends to be higher during El Niño years and lower during La Niña years. Kuroshio intrusion seems to be a key process conveying the impact of ENSO from the Pacific into the SCS, which needs to be verified by observational evidence. 3. The Kuroshio intruding path southwest of Taiwan is unstable.
The looping path, the leaking path, and the leaping path are the three typical intruding paths which can be identified quantitatively by geostrophic vorticity southwest of Taiwan (KSI index) and the geostrophic LST based on long-term satellite altimeter data. The Kuroshio path in the Luzon Strait can change from one path to another in several weeks. The leaking path dominates in winter and the looping path appears southwest of Taiwan more frequently in winter than that in other seasons. The leaping path dominates in summer, i.e., the Kuroshio likely leaps across the Luzon Strait in summer. 4. Eddies often form southwest of Taiwan associated with the change of the Kuroshio paths. In summer, the leaping path dominates and often induces cyclonic eddy northwest of the Kuroshio axis. Anticyclonic eddies often exist to the west of the cyclonic eddies. In winter, the looping path appears more frequently southwest of Taiwan. Anticyclonic eddies are often formed and frequently shed from the looping path. As most of the anticyclonic eddies propagate westward, cyclonic eddies are often induced east of the anticyclonic eddies. It is not clear for the dynamics of eddy generation in spring and autumn. 5. The Kuroshio intrusion into the SCS had a weakening trend over the past two decades of 1990s and 2000s inferred from in situ observations, satellite data, and modeling results. The probability of occurrence leaping path also has a negative trend, i.e., the Kuroshio is more likely to leap across the Luzon Strait. In response to the weakening Kuroshio intrusion, the mean salinity in the upper water column decreased in the northeastern SCS and eddy activity southwest of Taiwan became weaker in 2000s than that in 1990s. 6. Different mechanisms have been invoked to explain what controls the Kuroshio intrusion into the SCS. In addition to wind forcing, interbasin pressure gradient, b effect and hysteresis, PV conservation, eddy activity, other factors, such as surface heat flux , variations inside the SCS (Xue et al., 2004; Wang et al., 2010; Chern et al., 2010) , vertical and horizontal mixing, typhoon (Kuo et al., 2011) , may also play a role in the Kuroshio intrusion processes.
To sort through the quantitative and conceptual differences, several future research topics on the Kuroshio intruding processes are suggested below.
Observational evidence for interannual and decadal variations
The LST has a negative trend over the past two decades, which has been verified by satellite and in situ hydrographic data (Nan et al., 2013 ). Based on model results, Qu et al. (2004) and Nan et al. (2013) found that the interannual variation of the LST is well correlated to ENSO, i.e., the LST is higher during El Niño years and lower during La Niña years. However, there lack the direct observations supporting the correlation between the LST and ENSO. There are more than 8 thousands of verified temperature-salinity profiles obtained after 1990 in the vicinity of the Luzon Strait (Nan et al., 2013) . More and more Argo floats have been deployed in the northwestern Pacific in recent years providing many more temperature-salinity profiles near our study area. These temperature-salinity profiles can be used for examining the interannual and decadal variations of the Kuroshio intrusion based on water mass analysis. The difficulty is how to minimize the bias caused by the temporal and spatial mismatches of temperature-salinity profiles (see Fig. 3 in Nan et al., 2013) . In addition, with T-S data, one will need to tease apart the contributions from the surface heat and fresh water fluxes.
Eddy-Kuroshio interaction nearby the Luzon Strait
Eddy occurrence frequency and EKE are high east of the Luzon Strait in the zonal band between 19°N and 26°N ( Fig. 14a and b) . After generation, most eddies propagate westward but are blocked by the Kuroshio and island chain in the Luzon Strait (Liu et al., 2005; Nan et al., 2011c; Yang et al., 2013a; Lu and Liu, 2013) . As shown in Section 'Eddy activity', westward eddies may influence the Kuroshio intrusion by enhancing/weakening the Kuroshio and steering the Kuroshio axis. However, quantitative analysis of the eddy activity contributing to change of the Kuroshio intrusion has not been conducted. On the other hand, it can be seen from Fig. 10 that the SSH increased at a slower rate over the past two decades in the zonal band between 19°N and 22°N compared to other regions of the northwestern Pacific (see also Merrifield and Maltrud, 2011 and Nan et al., 2013) . Similarly, cyclonic eddy is predominant in the same zonal band while there are more anticyclonic eddies at most latitudes (Fig. 14c) . Conceptually, cyclonic eddy produces upwelling causing negative SSH anomaly. According to Song (2006) , long-term change of the SSH east of the Luzon Strait is important to the long-term change of the LST. It is not clear whether the SSH zonal band increased at a slower rate was caused by the predominant westward cyclonic eddies (see Fig. 15 ). In addition, according to Nan et al. (2011c) , southwest of Taiwan is a region with a high probability of eddy occurrence. Eddy activity feedback to the Kuroshio variation has not been studied (see Fig. 15 ).
Response to the changes of large-scale ocean circulation
Over the past two decades, the subtropical gyre obviously changed. The NEC has a strengthening trend while the NBL was well correlated with the Nino3.4 index and migrated southward over the past two decades (see Fig. 2 in Qiu and Chen, 2012) , which can largely be attributed to the upper-ocean water mass redistribution caused by the surface wind stresses of the strengthened atmospheric Walker circulation. Modeling results of Yaremchuk and Qu (2004) indicated that the seasonal variation of LST shows an opposite phase with that of the Kuroshio transport east of Luzon. However, based on a 1/8°Pacific ROMS result, Nan et al. (2013) pointed out that both annual and interannual variations of the Kuroshio transport east of Luzon Island are poorly correlated to those of the LST. To date there is not observational evidence supporting the relationships among the NEC transport, the Kuroshio transport east of Luzon, and the LST. In order to reach a definite conclusion, mooring network and repeated hydrographic surveys in the western Pacific including the NEC, Kuroshio east of Luzon Island, and Kuroshio in the Luzon Strait are needed.
There is no doubt that increasing investigations, including in situ measurements, satellite remote sensing, laboratory experiments, theoretical analyses, and numerical simulations, have significantly advanced our knowledge of the Kuroshio intrusion into the SCS and prompt further investigation. However, due to the lack of observations and the complexity of nonlinear dynamics for the Kuroshio intrusion, it still remains unclear what controls the Kuroshio intrusion into the SCS. The investigations appear to be on the right track, but the fundamental mechanism still eludes us and needs to be explored further . Essential requirements for better understanding are enhanced observations and improved models. To build a real-time observing system of good accuracy and fine spatial resolution with longterm moorings across the Luzon Strait would be desired in the near future, with the aim to monitor the Kuroshio intruding processes in a comprehensive and systematic way.
